Abstract: Horizontal-axis axial flow tidal current turbine is regularly used to exploit the kinematic energy in tidal currents. However, the scaling up of tidal current turbine is very difficult. This is because strong tidal current only exists in the underwater region close to water surface, which implies that scaling up by enlarging rotor size is not always applicable to tidal current turbines. Hence, scaling up by improving the energy capture efficiency of the tidal turbine blade becomes a plausible choice. For this reason, apart from the numerous researches based on conventional aerodynamic and hydrodynamic theories, improving efficiency by biomimetic method is attracting increasing interest in recent years. It has been proved that leading-edge tubercles have positive contribution to improving the efficiency of tidal turbine blade. However, leading-edge tubercles can be made on blade only in the manufacturing process, as the post-production of them is quite difficult. Thus, how to improve the energy capture efficiency of the existing blades becomes a challenging issue. To address this issue, numerical research of the effect of surface biomimetic features on blade efficiency is conducted in this paper. For the sake of simplicity, surface bumps are investigated in this preliminary research in order to obtain a basic understanding of the effect of surface biomimetic features. In the research, the influences of surface bumps on blade surface pressure and the ratio of lift to drag forces are investigated in different bump array scenarios and at different tidal current speeds and the angles of attack. The calculation results have shown that surface bumps do improve the ratio of lift to drag forces of the blade in spite of their array arrangement, the angle of attack and tidal current speed. This suggests that the energy capture efficiency of both new and existing blades can be further improved if appropriate biomimetic features are deployed on the blade surfaces.
Introduction
Due to the periodic motion of the moon and sun relative to the earth, regular movements of the oceans and seas are formed. The vertical rise and fall of water in these movements is known as oceanic tide, which is always accompanied by horizontal incoming and outgoing flow of water in bays, harbors, estuaries and straits. These horizontal flows are the so-called tidal currents [1] . It is predicted that the global tidal current energy is approximately 3 TW, of which about 1 TW is located in shallow waters and exploitable via developing economically viable projects [2] . For example, 106 locations with strong tidal current have been identified in Europe. The majority of them are located in the British Isles and English Channel and have tidal current speeds exceeding 2-2.5 m/s [3] . Moreover, the potential of the tidal current in these areas may increase when water flow is constrained or funneled by local topography, such as marrow straits, headlands, and anywhere the water depth is relatively shallow.
This will further benefit the harvest of the kinematic energy carried by the tidal currents. Obviously, tidal current is one of the most valuable renewable energy resources worthy to explore. It is believed that the conversion of these widely available renewable resources to electric power will play a vital role in meeting the rising energy demand, mitigating climate change, and diversifying energy supply. Moreover, as opposed to wind resource, tidal current resource is more stable and predictable attributed to the regular motion of the moon and sun relative to the earth.
In order to explore tidal current resources, much effort has been made across the world although there is still no large commercial tidal current array operating in the world today except a few prototypes that are undergoing test. However, thanks to these early efforts, a variety of designs of tidal current conversion systems have been developed, such as horizontal-axis axial flow turbine, vertical-axis cross flow turbine, reciprocating device, ducted turbines, tidal kite, and so on [1, 3] . Among these designs, horizontal-axis axial flow turbine, a concept of stream device that is broadly similar to a 'submerged wind turbine', is relatively more mature in technology because many proven technologies that were well developed for wind turbines can be applied to the design of horizontal-axis tidal turbines. Accordingly, nowadays approximately 3 4 of all research & development (R&D) investments are focused on horizontal-axis tidal current turbines versus on other designs [4] . However, different from the scaling up of wind turbines that can be realized by various approaches, the methods that can be adopted for scaling up tidal current turbine are quite few. There are numerous reasons for this, but one of the major reasons is due to the specific velocity profile of tidal current along underwater distance. In other words, strong tidal current can be observed only in the underwater region where is close to water surface. The kinematic energy of tidal current will decrease gradually with the increase of the underwater distance due to the gradually reduced tidal current speed [5] . This means that once the capacity of a tidal turbine is raised up to a certain value, further scaling up of it by size enlarging approach will become very difficult. For this reason, to improve the energy capture efficiency of rotor blade becomes a potential way to further scaling up the horizontal-axis tidal turbines.
In order to achieve an efficient turbine blade, a number of blade design methods and theories have been developed for optimizing the geometries of the blade, for example computing the thickness and chord length of the blade according to Betz limit, local fluid velocities and airfoil lift [6] [7] [8] [9] . A brief review of these methods and theories can be found from [10] . They will not be repeated once again in this paper in order to keep a concise context. In addition to these conventional blade design methods that were developed based on the fundamental theory of hydro-and aero-dynamics, the boom of designing efficient blade using biomimetic methods is also seen in recent years [11] [12] [13] [14] [15] [16] . Biomimetic techniques take inspiration from natural designs. They imitate the models, systems, and elements of nature for solving the complex and difficult problems met in engineering practice. Nowadays, they have been applied in a variety of fields. For example, vortex generators have been proved valid in achieving various purposes of passive flow control [17] [18] [19] [20] . The application of vortex generators either delay or prevent the separation of the flow from structure surface and therefore decrease the roughness sensitivity of the structure of interest. The biomimetic technique was also employed to improve the energy capture efficiency of tidal turbine blades. A classic example is the humpback whale turbine blades, which adapt the whale's flipper and the flipper leading-edge tubercles to the design of blades [11, 12] . Moreover, the positive contribution of the leading-edge tubercles to improving the energy capture efficiency of the blade has been validated in many numerical and experimental researches [13] [14] [15] . However, leading-edge tubercles can be made on the blade only in manufacturing process. The post-production of these tubercles on the leading edge of the blade will become very difficult. This implies that the leading-edge-tubercles are only applicable to new blades. They are quite difficult to be applied to the existing blades. Then, how to use biomimetic technique to improve the energy capture efficiency of the existing blades? To date, this is still an issue that has not been successfully solved. In order to fill this gap of technology, a new attempt is made in this paper to improve the efficiency of an existing blade by applying surface biomimetic features. In contrast to adding tubercles on leading-edge, the biomimetic features are deployed on the surface of the blade Energies 2018, 11, 1014 3 of 15 in this research. This is because biomimetic features can be easily made on the surface of the blade even though the blade has been produced. For the sake of simplicity, only round-shaped bumps are investigated in this research. Their influences on the blade surface pressure, the ratio of lift to drag forces, and torque created by every blade are numerically investigated under different conditions of bump array arrangement, angle of attack, and tidal current speed. The numerical simulation of the biomimetic blades and the rotor of tidal current turbine is realized with the aid of ANSYS CFX (Version R15.0, ANSYS Inc., Canonsburg, PA, USA). Through performing the numerical calculations, a number of valuable conclusions have been obtained from this numerical research. The details are reported below.
Numerical Model of the Biomimetic Blade
In the following, the scaled S-series airfoils developed by American National Renewable Energy Laboratory (NREL) [14] , i.e., S818, S825 and S826, are employed to design the numerical model of the tidal turbine blade. Along the spanwise direction of the blade from root to tip, the blade begins with a circular section first. Then, the circular section gradually transitions to the S818 airfoils of different thicknesses and chord lengths. At the beginning of the middle section of the blade, the S818 transitions to the S825. Finally, the S825 transitions to the S826 at the beginning of the tip section of the blade. Considering the 41 m long wind turbine blade designed by Cornell University also adopts the similar design [21] , the tidal turbine blade is designed in this paper by referring to the data provided by Cornell University. The detailed geometries of the blade, including twist angles, chord lengths and span distances, are listed in Table 1 . Where, 'r/R' and 'c/R' respectively refer to the normalized radial positions and normalized chord lengths of the blade elements. Considering the blades used in tidal current turbines are usually much shorter than wind turbine blades, the length of the blade is scaled down to 7 m in this research. Based on the data listed in Table 1 , the numerical model of the blade is developed in ANSYS CFX and it is shown in Figure 1 . Then, biomimetic features, i.e., surface bumps are created on the surface of the blade with the aid of the 'revolve function' that is available in ANSYS workspace. An illustrative example of the surface bumps is shown in Figure 2 . As this research is mainly focused on investigating the influence of the presence of surface biomimetic features on the energy capture efficiency of the blade, the investigation of the size effect of the bumps is beyond the scope of this paper. Therefore, a constant size of the bumps, i.e., 5 mm, is adopted in all numerical calculations described the following.
In order to systematically investigate the influences of the surface bumps on the energy capture efficiency of the blade, the following four bump array arrangement scenarios are considered in the calculations. They are: Herein, it is necessary to note that in order to ease the creation of the surface bumps, a constant distance between neighboring bumps, i.e., 0.05 m, was defined to create the bumps on blade surface by using the 'revolve function' available in ANSYS workspace. Consequently, the numbers of bumps will be different when they are deployed in different areas of the blade. This is why different numbers Then, biomimetic features, i.e., surface bumps are created on the surface of the blade with the aid of the 'revolve function' that is available in ANSYS workspace. An illustrative example of the surface bumps is shown in Figure 2 . As this research is mainly focused on investigating the influence of the presence of surface biomimetic features on the energy capture efficiency of the blade, the investigation of the size effect of the bumps is beyond the scope of this paper. Therefore, a constant size of the bumps, i.e., 5 mm, is adopted in all numerical calculations described the following. Then, biomimetic features, i.e., surface bumps are created on the surface of the blade with the aid of the 'revolve function' that is available in ANSYS workspace. An illustrative example of the surface bumps is shown in Figure 2 . As this research is mainly focused on investigating the influence of the presence of surface biomimetic features on the energy capture efficiency of the blade, the investigation of the size effect of the bumps is beyond the scope of this paper. Therefore, a constant size of the bumps, i.e., 5 mm, is adopted in all numerical calculations described the following.
In order to systematically investigate the influences of the surface bumps on the energy capture efficiency of the blade, the following four bump array arrangement scenarios are considered in the calculations. They are: Herein, it is necessary to note that in order to ease the creation of the surface bumps, a constant distance between neighboring bumps, i.e., 0.05 m, was defined to create the bumps on blade surface by using the 'revolve function' available in ANSYS workspace. Consequently, the numbers of bumps will be different when they are deployed in different areas of the blade. This is why different numbers In order to systematically investigate the influences of the surface bumps on the energy capture efficiency of the blade, the following four bump array arrangement scenarios are considered in the calculations. They are: Herein, it is necessary to note that in order to ease the creation of the surface bumps, a constant distance between neighboring bumps, i.e., 0.05 m, was defined to create the bumps on blade surface by using the 'revolve function' available in ANSYS workspace. Consequently, the numbers of bumps will be different when they are deployed in different areas of the blade. This is why different numbers of bumps are present in different bump array arrangement scenarios. The numerical blade models developed in the aforementioned four different bump array arrangement scenarios are shown in Figure 3 . In the calculations of every bump array arrangement scenario, different tidal current speeds (i.e., 1.8, 2 and 3.2 m/s) and different angles of attack (i.e., −5 • , 0 • , 5 • , 10 • , and 15 • ) are considered, which allows us to understand the effects of the surface bumps on the efficiency of the blade at different tidal current speeds and angles of attack. 
Computational Setup
In order to calculate the total lift and drag forces acting on the blade and therefore the rotor torque that is contributed by every blade, the numerical model of a three-bladed rotor is further developed based on blade models shown in Figure 3 . In the rotor model, the three-bladed rotor is placed in the middle of a cylindrical fluid domain, as shown in Figure 4 . Where, the left and right circles and the dotted lines describe the size and boundaries of the fluid domain. The cyan-blue arrows indicate the flow direction in the domain. In the numerical calculations, the size of the cylindrical fluid domain is defined to be 5 times of the size of the rotor. As the full cylindrical fluid domain in Figure 4 is very large in volume and the application of it will lead to a large amount of calculations. That is time consuming. Therefore, a simplified method is adopted in this paper to reduce the burden of calculation, i.e., only one-third division of the full 
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In Figure 5 , the purple arrows demonstrate the rotational periodicity connection of the interfaces. The bidirectional blue arrows on right side indicate the 'opening boundary', and those single directional black arrows on the left side show the 'inlet boundary'. It is worth noting that in the calculation, the 'inlet boundary' is defined as the normal speed with three velocity components in Cartesian Coordinates and the 'opening boundary' is defined as the opening pressure equivalent to 1.8 bar. The 'inlet boundary' is at an upstream distance of 5 rotor radius to the rotor, and the 'opening boundary' is at a downstream distance of 5 rotor radius away from the rotor. The medium of flow is seawater, of which the density is 1025 kg/m 3 , viscosity 0.00108 Ns/m 2 , molecular weight 18.63 g/mole, and the temperature is 25 °C. Considering the Shear Stress Transport (SST) turbulence model is a hybrid model combining the K-omega and the K-epsilon models and it is, therefore, more accurate than the K-epsilon turbulence model [22, 23] , the SST turbulence model is adopted in the calculations presented in this paper. In order to guarantee the reliability of the simulation results, in addition to the application of the default meshing technique that is provided by ANSYS, more measures are taken to refine the meshes of the model, especially in some specific areas of the domain (e.g., bumps, blade surfaces, etc.), and generate the meshes with acceptable mesh metric information. The measures include:

Match control-the two trapezoid faces were selected for the high and low geometry selections, respectively;  Face sizing-the input blade sizing is 0.01 m and the behavior is set to be hard;  Body sizing-a new coordinate system is used to precisely define and orient the location of the blade. Then, the sphere of influence control is utilized to create finer meshes around the blade with a radius of 10 m and 0.2 m as the minimum element size; In Figure 5 , the purple arrows demonstrate the rotational periodicity connection of the interfaces. The bidirectional blue arrows on right side indicate the 'opening boundary', and those single directional black arrows on the left side show the 'inlet boundary'. It is worth noting that in the calculation, the 'inlet boundary' is defined as the normal speed with three velocity components in Cartesian Coordinates and the 'opening boundary' is defined as the opening pressure equivalent to 1.8 bar. The 'inlet boundary' is at an upstream distance of 5 rotor radius to the rotor, and the 'opening boundary' is at a downstream distance of 5 rotor radius away from the rotor. The medium of flow is seawater, of which the density is 1025 kg/m 3 , viscosity 0.00108 Ns/m 2 , molecular weight 18.63 g/mole, and the temperature is 25 • C. Considering the Shear Stress Transport (SST) turbulence model is a hybrid model combining the K-omega and the K-epsilon models and it is, therefore, more accurate than the K-epsilon turbulence model [22, 23] , the SST turbulence model is adopted in the calculations presented in this paper.
In order to guarantee the reliability of the simulation results, in addition to the application of the default meshing technique that is provided by ANSYS, more measures are taken to refine the meshes of the model, especially in some specific areas of the domain (e.g., bumps, blade surfaces, etc.), and generate the meshes with acceptable mesh metric information. The measures include:
•
Match control-the two trapezoid faces were selected for the high and low geometry selections, respectively; • Face sizing-the input blade sizing is 0.01 m and the behavior is set to be hard; • Body sizing-a new coordinate system is used to precisely define and orient the location of the blade. Then, the sphere of influence control is utilized to create finer meshes around the blade with a radius of 10 m and 0.2 m as the minimum element size; • Inflation-a local inflation is inserted around the blade with 0.01 m as the total thickness of the first inflation layer. The number of layers is selected to be 10, which means that 10 layers are defined within the inflation region, while the growth rate, i.e., the expansion ratio for each consecutive cell in the direction of the inflation was equal to 1.2; • Advanced size function-the proximity and curvature is chosen and the fine option as the relevance center is enabled.
It was found that to mesh so complex a numerical model is quite time consuming. It is not realistic to assure the meshing quality by performing the mesh independency study as usual in a short time, let alone to identify the best meshing results in all four bump array arrangement scenarios by using such an approach. In order to resolve this issue, an alternative method was adopted in this paper to gauge the quality of meshing. It is the combined use of the minimum orthogonality and the maximum skewness of the generated meshes. Usually, the value of the minimum orthogonality is requested to be larger than 0.15 and the value of the maximum skewness is requested to be smaller than 0.95. Take the model meshing in the scenario of the absence of bumps as an example, when the type of the element is defined as 'tet4 the mesh metrics obtained after taking the aforementioned measures are shown in Figure 6 .  Inflation-a local inflation is inserted around the blade with 0.01 m as the total thickness of the first inflation layer. The number of layers is selected to be 10, which means that 10 layers are defined within the inflation region, while the growth rate, i.e., the expansion ratio for each consecutive cell in the direction of the inflation was equal to 1.2;  Advanced size function-the proximity and curvature is chosen and the fine option as the relevance center is enabled.
It was found that to mesh so complex a numerical model is quite time consuming. It is not realistic to assure the meshing quality by performing the mesh independency study as usual in a short time, let alone to identify the best meshing results in all four bump array arrangement scenarios by using such an approach. In order to resolve this issue, an alternative method was adopted in this paper to gauge the quality of meshing. It is the combined use of the minimum orthogonality and the maximum skewness of the generated meshes. Usually, the value of the minimum orthogonality is requested to be larger than 0.15 and the value of the maximum skewness is requested to be smaller than 0.95. Take the model meshing in the scenario of the absence of bumps as an example, when the type of the element is defined as 'tet4′ the mesh metrics obtained after taking the aforementioned measures are shown in Figure 6 . From Figure 6 , it is found that the majority of elements have skewness of 0.10 and orthogonal quality of 0.97. This implies that the meshing results obtained by using the above method is fully acceptable. This can, to a great extent, guarantee the reliability of the results obtained from simulation calculations. The corresponding tetrahedral meshing results are shown in Figure 7 . From Figure 6 , it is found that the majority of elements have skewness of 0.10 and orthogonal quality of 0.97. This implies that the meshing results obtained by using the above method is fully acceptable. This can, to a great extent, guarantee the reliability of the results obtained from simulation calculations. The corresponding tetrahedral meshing results are shown in Figure 7 . From Figure 7 , it is seen that the cells located far from the blade have larger sizes, while those located close to the blade have smaller sizes. They correspond to + values ranging from 20 to 90.
As the presence of surface bumps will significantly increase the number of elements in the meshing results, the number of elements varies between 5 million and 9 million in the simulation calculations, depending on the designs and configurations of the bumps on the blade surface.
Numerical Calculations
As mentioned earlier, three tidal current speeds, i.e., 1.8, 2 and 3.2 m/s, are considered in the following steady-state simulation calculations. The reason for selecting steady-state rather than transient simulation calculations to be performed in this paper is because the former is easier to converge, thus allows us to obtain desired results in a shorter time. Although this may somewhat sacrifice the simulation accuracy, the results from steady-state simulations are still able to basically predict the tendency of the change of interest. The tip speed ratio of the blade can be calculated by From Figure 7 , it is seen that the cells located far from the blade have larger sizes, while those located close to the blade have smaller sizes. They correspond to y + values ranging from 20 to 90. As the presence of surface bumps will significantly increase the number of elements in the meshing results, the number of elements varies between 5 million and 9 million in the simulation calculations, depending on the designs and configurations of the bumps on the blade surface.
As mentioned earlier, three tidal current speeds, i.e., 1.8, 2 and 3.2 m/s, are considered in the following steady-state simulation calculations. The reason for selecting steady-state rather than transient simulation calculations to be performed in this paper is because the former is easier to converge, thus allows us to obtain desired results in a shorter time. Although this may somewhat sacrifice the simulation accuracy, the results from steady-state simulations are still able to basically predict the tendency of the change of interest. The tip speed ratio λ of the blade can be calculated by
where r and ω refer to the radius and angular speed of the turbine rotor, respectively; v denotes the speed of tidal current. Then, when the rotational speed of the turbine rotor is 8 rev/min the corresponding tip speed ratio λ of the blade at these three tidal current speeds is calculated using (1). The resultant tip speed ratio λ = 3.26, 2.93 and 1.83, respectively.
In order to understand the influence of the surface bumps on blade efficiency, the flow streamlines on the surface of the blade are calculated first at different tip speed ratios. Due to the calculation results obtained under different combination conditions of tip speed ratio, angle of attack and bump array arrangement are huge in number, it is unlikely to present all streamline calculation results within the limited context of the paper. For this reason, only the results obtained when the blade has no bumps and the angle of attack is 0 o are shown in Figure 8 as an illustrative example. 
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Then, when the rotational speed of the turbine rotor is 8 rev/min the corresponding tip speed ratio of the blade at these three tidal current speeds is calculated using (1). The resultant tip speed ratio = 3.26, 2.93 and 1.83, respectively.
In order to understand the influence of the surface bumps on blade efficiency, the flow streamlines on the surface of the blade are calculated first at different tip speed ratios. Due to the calculation results obtained under different combination conditions of tip speed ratio, angle of attack and bump array arrangement are huge in number, it is unlikely to present all streamline calculation results within the limited context of the paper. For this reason, only the results obtained when the blade has no bumps and the angle of attack is 0 o are shown in Figure 8 as an illustrative example. From Figure 8 , radial flow can be clearly observed from the surface of the rotating blade. Moreover, the higher the tip speed ratio, the stronger the radial flow will tend to be. Unfortunately, the further observation of the streamlines obtained in the presence of bumps discloses that the bump induced disturbances to the streamlines cannot be clearly observed from the calculated results. The reason might be due to either the tiny size of the bumps, the insufficient accuracy of the calculation results, or other unknown factors. However, it is well known that the surface roughness will affect the shedding of water flow from structure surface and the flow regime behind the structure [24] , it is reasonable to believe that the application of the bumps on blade surface will definitely disturb the streamlines on blade surface and the flow regime behind the rotor. This explains why the surface bumps can potentially improve the energy capture efficiency of the blade.
Despite the failure to observe the disturbance of the bumps to the blade surface streamlines, the influences of the bumps on blade surface pressures and turbulence kinetic energy have been clearly observed from the calculation results. An illustrative example is given in Figure 9 . As it is difficult to show all pressure calculation results obtained in all scenarios within the limited context of the paper, From Figure 8 , radial flow can be clearly observed from the surface of the rotating blade. Moreover, the higher the tip speed ratio, the stronger the radial flow will tend to be. Unfortunately, the further observation of the streamlines obtained in the presence of bumps discloses that the bump induced disturbances to the streamlines cannot be clearly observed from the calculated results. The reason might be due to either the tiny size of the bumps, the insufficient accuracy of the calculation results, or other unknown factors. However, it is well known that the surface roughness will affect the shedding of water flow from structure surface and the flow regime behind the structure [24] , it is reasonable to believe that the application of the bumps on blade surface will definitely disturb the streamlines on blade surface and the flow regime behind the rotor. This explains why the surface bumps can potentially improve the energy capture efficiency of the blade.
Despite the failure to observe the disturbance of the bumps to the blade surface streamlines, the influences of the bumps on blade surface pressures and turbulence kinetic energy have been clearly observed from the calculation results. An illustrative example is given in Figure 9 . As it is difficult to show all pressure calculation results obtained in all scenarios within the limited context of the paper, the maximum P max and minimum pressures P min , obtained when the current speed is 3.2 m/s and the attack angle is 0 • , are listed in Table 2 as an example. From Table 2 , it is seen that the application of the surface bumps does change the pressures on blade surface. Both the maximum pressure and the minimum pressures increase in the presence of the bumps, although the increments are different in different bump array arrangement scenarios. This suggests that the and on blade surface will increase as long as the bumps are present despite their array arrangement. Further research has shown that the and will increase as long as the bumps are present also despite the current speed and angle of attack. In order to illustrate this finding, the and in Scenario 1 and those obtained in the absence of the bumps are listed in Table 3 . From Table 2 , it is seen that the application of the surface bumps does change the pressures on blade surface. Both the maximum pressure P max and the minimum pressures P min increase in the presence of the bumps, although the increments are different in different bump array arrangement scenarios. This suggests that the P max and P min on blade surface will increase as long as the bumps are present despite their array arrangement. Further research has shown that the P max and P min will increase as long as the bumps are present also despite the current speed and angle of attack. In order to illustrate this finding, the P max and P min in Scenario 1 and those obtained in the absence of the bumps are listed in Table 3 . From Table 3 , it is seen that the P max and P min on blade surface do increase as long as the bumps are present. Moreover, the same phenomenon can always be observed whatever the values of the current speed and the angle of attack are. Since the change in pressure distribution will lead to the change in pressure gradient, it is sure that the lift force F L and drag force F D acting on the blade and the rotor torque T contributed by every blade will be affected by the bumps as well. In order to prove this prediction, the corresponding F L , F D and T obtained when the current speed is 3.2 m/s and the attack angle is 0 o are listed in Table 4 . In the calculation, the bump size is still 5 mm. In order to facilitate the analysis, the ratio of F L /F D and the consequent torque T obtained in all scenarios are also graphically shown in Figure 10 . From Table 3 , it is seen that the and on blade surface do increase as long as the bumps are present. Moreover, the same phenomenon can always be observed whatever the values of the current speed and the angle of attack are. Since the change in pressure distribution will lead to the change in pressure gradient, it is sure that the lift force and drag force acting on the blade and the rotor torque contributed by every blade will be affected by the bumps as well. In order to prove this prediction, the corresponding , and obtained when the current speed is 3.2 m/s and the attack angle is 0 o are listed in Table 4 . In the calculation, the bump size is still 5 mm. In order to facilitate the analysis, the ratio of ⁄ and the consequent torque obtained in all scenarios are also graphically shown in Figure 10 .
From Figure 10 , it is seen that the application of surface bumps does improve the ratio of lift to drag forces and enhance the contribution of every blade to the rotor torque. However, it is noticed that the contributions of the surface bumps to the ⁄ and are different in different scenarios, i.e., improving the ratio of ⁄ by 0.2~1.6% and improving torque by 0.3~2.6%. This suggests that the contribution of the bumps can be further improved through optimizing their array arrangement on the surface of the blade. From Figure 10 , it is seen that the application of surface bumps does improve the ratio of lift to drag forces and enhance the contribution of every blade to the rotor torque. However, it is noticed that the contributions of the surface bumps to the F L /F D and T are different in different scenarios, i.e., improving the ratio of F L /F D by 0.2~1.6% and improving torque T by 0.3~2.6%. This suggests that the contribution of the bumps can be further improved through optimizing their array arrangement on the surface of the blade.
Subsequently, the influences of the surface bumps on the F L /F D at other tidal current speeds and angles of attack are investigated. The corresponding results obtained in scenario 1 and those obtained from the blade without bumps are shown in Figures 11 and 12 . From Figure 11 , it is clearly seen that when the angle of attack increases from −5° to 15°, the corresponding value of ⁄ increases gradually whatever the presence or absence of the surface bumps. Through comparing the ⁄ results obtained in every scenario before and after the application of the bumps, it is found that when the bumps are present the value of ⁄ is more or less increased in all four cases of angle of attack.
Similarly, from Figure 12 it is found that when the tidal current speed increases from 1.8 to 3.2 m/s, the corresponding value of ⁄ also increases whatever the presence or absence of the bumps. Through comparing the results of ⁄ obtained in every scenario before and after the bumps are applied, it is found that after the bumps are present the value of ⁄ is increased to certain extent in all three cases of tidal current speed.
In summary, the phenomena shown in Figures 11 and 12 suggest that the surface bumps do play a positive role in improving the ratio of the lift to drag forces acting on the blade and moreover they always work effectively in spite of the angle of attack and tidal current speed.
Conclusions
Aiming at exploring an effective measure that can be applied to improve the energy capture efficiency of both new and existing tidal turbine blades, a numerical research is conducted systematically in this paper with the aid of ANSYS CFX. The research is focused on investigating the From Figure 11 , it is clearly seen that when the angle of attack increases from −5° to 15°, the corresponding value of ⁄ increases gradually whatever the presence or absence of the surface bumps. Through comparing the ⁄ results obtained in every scenario before and after the application of the bumps, it is found that when the bumps are present the value of ⁄ is more or less increased in all four cases of angle of attack.
Aiming at exploring an effective measure that can be applied to improve the energy capture efficiency of both new and existing tidal turbine blades, a numerical research is conducted From Figure 11 , it is clearly seen that when the angle of attack increases from −5 • to 15 • , the corresponding value of F L /F D increases gradually whatever the presence or absence of the surface bumps. Through comparing the F L /F D results obtained in every scenario before and after the application of the bumps, it is found that when the bumps are present the value of F L /F D is more or less increased in all four cases of angle of attack.
Similarly, from Figure 12 it is found that when the tidal current speed increases from 1.8 to 3.2 m/s, the corresponding value of F L /F D also increases whatever the presence or absence of the bumps. Through comparing the results of F L /F D obtained in every scenario before and after the bumps are applied, it is found that after the bumps are present the value of F L /F D is increased to certain extent in all three cases of tidal current speed. In summary, the phenomena shown in Figures 11 and 12 suggest that the surface bumps do play a positive role in improving the ratio of the lift to drag forces acting on the blade and moreover they always work effectively in spite of the angle of attack and tidal current speed.
Aiming at exploring an effective measure that can be applied to improve the energy capture efficiency of both new and existing tidal turbine blades, a numerical research is conducted systematically in this paper with the aid of ANSYS CFX. The research is focused on investigating the influences of the surface biomimetic features on the blade surface pressure and the ratio of the lift to drag forces acting on the blade under different combination conditions of bump array arrangement, angle of attack, and tidal current speed. Through analyzing the numerical calculation results obtained in different scenarios, the following two conclusions can be drawn:
(1) Despite the failure of observing the bump effect on the blade surface streamlines, the influences of the bumps on blade surface pressure and turbulence kinetic energy are clearly observed. The values of P max and P min indicate that both the maximum and the minimum pressures on blade surface will increase as long as the bumps are present on blade surface in spite of the tidal current speed, the angle of attack, and bump array arrangement; (2) Surface bumps do improve the ratio of the lift to drag forces acting on the blade thus the torque created by the turbine rotor. Moreover, they always work effectively in spite of the bump array arrangement, the angle of attack and tidal current speed. The simulation results have shown that when the current speed is 3.2 m/s and the attack angle is 0 • , the ratio of F L /F D can be improved by 0.2~1.6% and the rotor torque T can be improved by 0.3~2.6%. Since the contribution of the surface bumps to the improvement of F L /F D and T is different in different array arrangement scenarios, the contribution of the bumps can be further improved through optimizing their array arrangement on the surface of the blade.
Following the work reported above, the size effect, the influences of the geometric shape and the number of biomimetic features on the energy capture efficiency of the blade, as well as the position to apply the biomimetic features will be further researched in the future in order to achieve an optimal design of the surface biomimetic technique. The achievements will be reported in a separate paper.
